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ARSTRACTE

Do e )

It has long been recognized that impurities adsorbed on tho
gubstrate can have a marked inflgence on the kinetics of hetero-~
genecous nucleation. Xowsver, the detalled nature of these cffects
has not been demonstrated heretofore. In the present work, ime~
purity efrfects have been characterizad for the nucleation of
selenium vapor onto Pyrex glass., It is ghown that the degree of
serface coentanination not only affects ﬁhe critical sﬁpereaturatian
reguired for nucleation, bul may ecause 2 nucleated phase of cther
Than eguilibriam structure. It is a2lso sghown that the degree of
naterial accommodation for selenium on Pyrex is affected by surface

contzmination. These resulis are discussed in terms of the changes

ks
13
53}

mbptrate and nuclenn lntorfpcial energies accompanyinge iupurvity
aduorption, and in terms of the possible masking of orvdering

influences exerted by a cleoan substrate.
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Reazits of rvewent siwdics of Lhe incbicos o8 hetetogonoses

nucleation from the vaaﬁrlfz have shove sionidloant doporbucss

ot

Erom the predicticons af classicnl muclaonitlion CASOTY.,  In gonoon

ERE

A T &= ¥ PP 3% . Y A% sl e Srm, e on e A e vhes R b oemoe
the ckserved temperature dependsnce of the eraTieal supessobarabion
: : - » .Sy oagdd, 1 - 03 . ..»‘ 1, £y N ~'.
ratio, which is the pavandber most ofton messured Ln soek B S

has bheen shown te be mach lorger vhan That predicted by thoencoy,
An attampt waz wade, in Thiso pravigns wark, o cxplain the

okserved resulic in verms of ooy tharmal cccormmasation of Tha

nucieant vapor at tho substrate surizce. Hove racently, moage
3
sayoments by Ruth, Moased, & Hireh”™ of zinc nuelastion on glasas,

in which thermal accommedatzion offects wore explicitly soughd
after, indicated that such oficcts were indesd prasent, Lot were
mach oo small to explain the temgorzivre devardence of the

proevions wemsurements. The present work was thus undertsion Bovn

l. ®udeon, J.B., gournal of cheniesi Fhvsicz, vol. 36, no. 4

pages 887-239 (19562

- », "l - . on P - -y > .
2. Rutner, E., Goldfingex, P., Hirth, JF.Fe, Bds., Condengatiun

and Bvaporatico of Selids, Cordon and Breach, Few Yook
pagas 63°-648, {1964}
3. Bukth, V., Moazed, K.L., Firth, J,P., “The Bffcot of Desm

s ron 4 e LIPS . - - 3o n : o -
Tempoavature on Tho ¥sterogonsous Sasliacntisa of %ine from
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another syatem, and, in addition, Lo ohzeuvve e effzoebl of

2

varving impurity levelaz on the kinmntics of the mnoloatio: I

It daveloped duving the course of the weel that the inpurity

aspociated effects were of mueh goaater signlfisance. Concagrantiy,
the charzcterization of these erfecis cveupies the bueik of this

pﬂpsro

FHEORY

-

in ordaxr Lo develop o Iimeling iur the poosi
invarities on the nveleaticn porcess, lad us consider, gobanntlonviy,

he n

the gteps in the formaiion of @ muclavs, Heferring to Rigune 3,

¥

ve see that the initial ztep in the nresagss s the formation of an

cguilibrium adsorbhed layer (adlayer) of csvaragse n,, (mﬁ*cc/ﬂm‘;,

whers ny is given by my = Ry oXp Zgagt whera ng is the dausiiy

the Glbbg frec

0

nerGy

“

0f dagorption., Once an equilibxium rdlayer is formed, olusioro

of the nucleant speciasg Luild up within the layer by a sorioes

of bimolecular reactions, the rate of which is ILimited priamcwily

by zuriace diffusion. The Gibbe free 2nazgy of formation of thozo
ciusters, at small siszas, is posritive. Eoswover, a finite populaiion

NI I Y. n 8 s L TN - o Fennled pidad oy Uk SGRU S S o
wirld exist at eguilibriom throvdh ointistical floctaghions. In



cine, certain of theaz clugsters reach a cvlilenl sine such that
fupther growth rosuliz dn a ceduction of the fres onergy of the

ot

gyeten; they can then grow 0 macwoercopic slsae without further
Limitation. The critical gizv, 1, ig that at which the cluster
free ansrgy of foumation, £8;, goss through a mexinum with
increasing cluster sisze. The cnordlnates of this maximum are

given by {(for a spherieal cap-g 2ped nucleus):

A Y = 18§ C";..v &, (8}

3 KT? a® a

94
1% = 32w o3 4, (8)

vhere o, . is the nucleus-vaps: intoriecial enargy, £ (8) and
¥, (0) aze geomatric functiony sf the cubairate~nucleus contact
angle, &, 0 ig the wvzleme pos molacuie, and o, the supereaturation

ratio, is defined by

whene P is the actual prosure of the coudensing spesies in the
system, and Pe ig the aq:ilibriom vapsr pressuve of the condenging
specliea at the cxistln: svbatrzate temporature, The net rats of
clugher formstion, the’ ia, the avelestion rate, is given by

J o=y 1 { AGhgg ~ MC¥gn - LG.W)

Ealy
> 3 o T . st Gds e pmipe NN 2 l -~
feve @, Ln 2 dvegactuy fwnetor of owive 10 7 ana A% oy
. )



im the activation Sfree mneugy fon surface Alffasicn,®
Conmider novw the prints at vhich this sequential procons
can ba affeobed by lmpurity adsorsticn, either on 4ha subsbtraba
ltself or on the forming clustera. 7Yhore is fivst Che pocelisls
effact of praviously adsorbed fmpurities oa the adsorpticn of o
nucleant species ~- thiz may show itoelf either in o weakaning
of the binding betwosn substrate and adsoxbate, or by affecting
the energy tranafer process betwesn sabebtrate and vapor znd
thereby changing the degree of thormal ascomdabion, Rither of
these effects will most likely opevate Lo reducs the sguiiibsiuon
adeorbed concentration m; and consequenzly $he nucleation rabe,
Thare is also the pvssible effect of adsorbed impuritiss ou ¢he
‘suriace diffusion rate in the adiayer vwhich cculd tend to redune
the rate of cluster fonuation and conceguently the mucieation rate,
Finally there is the effert of impurity sdsorotion en tha sucfoos
and interfacial emorgy toxms vhich enter the equation for A3,¥.
These termz will algo zct to incraase AG,? and conseguenily o
raduce the muclestion vate. It is posaible that this last offent

could, in addition, afifcot the morphology of the nuclceus by

4. ©Preceeding theory adapted froms Chalimers, Bruce, R,
Progress in Metorlisls Sclenge, Vol. XX, Hixth, J.9.,
and Poond, G,X., “Comdensetion and Ivaporatien®,

Texgaron Precs, Qwiond, (1363)
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changing  ne reladtive surdavd onergles foc 45 0fusont wmorn

or orientations to the point whore the nucious of lnusad MG
had a diffevent form than in the case of nucleatinn on a alans

In the pregent wrk, the nucleatica behavior was charsctbevrizsd
by using the wall-known technique of mensaring the esitical
supersaturation requirsd for chservable nucleation.” Tho cuvmecihod
rate equation for this technique has been ghowm by classieal
nuclaeation theory to be

. 3 & r
Inaapie = 16w P o B, (0} %

B“'V -! .
3K° in . (constin L 3/2
Jcsit

in which Torit? the emallest obsetvable nucleation rate, is
usually taken to ke =zbout one/cx®-pec For wassurenents pade by the

visual observation technigue employed Ln the present WoTK, aud

Ty, is the temperature of the adiayer. From the foregoeing
discussion {t ie apparent hst cne would oxpoct impurity adsorstion

to increage the absolute valuoc of Copizs Ut not the dependsnce
of faopit On temporature, unlasz there zre thermal accomaodation

offects which change T, f£rom the meapured substreote temperaturs.

SKUERIMBNTAL

Critical supersatuzation measucanents were nade for selenium

clence, vel. 27,

x

5. Chalmers, Bruce, Bd., Droavass in Dnbteosials

108

Hirth, J.2., and Pound, 2.K., "Condonsation and Bvarnwalica. ®
3 é >

be? . B AL W GO R R
Pergiomn Prase, Onfowd {1053%
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en Pyrex in two differsed awperimentel coaflowmbions. <o o
£firot, the gsurfoce wes coposed to o frow vapes of soleonios
ineide a mealed, svacoatad tubo. whe second., 3 mwlecular
beam of selenium was impinged on the suxface in a2 continually
pasped ultrahich vacuvm gyetom.

The apparatus ueed for the frao vapsy experviment is shsm
in Figure 2. 1It consietad of a Pyrex glaus vessel containing

“reagent® grade geleniunx triply distilled jn The vesgol

FRoua.
7Yy

vl

b

wvas sealed off at a gaunge prensum of 10"%xn ¥7. The

w3

LEIEUT
insida, however, may have hean significantly greater, since alasc
saows considerable cutgassing upom meliing, The vessol wos placed
in a throe zone electrical furnace im vhich ezch gone couls ha
separatoly controlled, and six thermocouples were mounted in
the nuxbdered positions axhown in the figure. At one end of the
yassel was a re-;entraxxt tip into vwhich a Pyrex glass probz could
carry a cooling gag; a thermocouple wire was inserted alongside
the probe with its junction in the kalb a2t the end of the tip.
Zae tip itself was located oppowite a Pyvrex glass sicht port in
the furnace. Nucleation on the tip could bs observed visually
at 15x through a stessomicroscope.

In operation, zone i, zore 2, and e tip wore initinily held
at a temparature aboui 10°C above zone 3, which contained tho
solenium and therefore detormined the wopsr prossurs im tha veoosh.

+

Thie 2lso prevantad condansztion of zselenimn ia other oonzs;
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specifically, “foggiag” of the glaps benaath the sishi uort,
fFlow of ¥, ge3 was thon uned 0 Lower Was goccabnant wip hovnsorio-s
ture below the tamperature of zone 3 uniil nucleation coonrrad.

Approximately i0 minnte pariods woere allowed Deotweon L0

dearcases in tamperature near e nuclociion temparatare, Yoo ..

PRI LS

This temperature definad Pg for the £ves vapsy case,

The tip temperatuvre wae thcn raired by the sana prissdure
wntil svaporation was wheerved, in order €5 dektermins 7
vaich defined P, Thino temporasburs corressonded 40 the tamporatuese
of zons 3., Both wmeasuremonts, howsver, were takan with the tip
thexmoceupla. Thoe catlire procedure was supsaited for plx zone 2
tempgratures, Tavap botwaen 145°C and 320°C¢,

The molscular beam work was also porfoxmed in a Pvrax glace
apparatus containing vacuum dlstilled selemium; this svetom,
howaver, was pumped o sparsting pressureg of 1079 to 10" 0 3
(ap measured in the tip charbor), using standard ultrahigh vocuun
techniques, including rapeated system balecuts at 450°C. Tao
vonsel itself contained an integral, liquid ailixogen dewac
(to insure efficient condentiatica of suattered goleniun), and
re-entrant tip into which a nichzome wire heoter ond thesmrcouple
ware ilnscried, as shown in Pigure 3, The gsurce chawbez was placzad
in an clectrical furnace of identical construction o 2 singls

ey o -

zone 2% the fpxec vapne furaace, ond the ovd

!':a

. . - -
les heoted lndovondonily
4



with heater tape., The whole sven azseubly prowraded Shosuosh n
L "

hole below the vacium takle, which alliasqssd Lhe

be cocled while selenium was heing trancfecred
source chankher at the end of a run.

The technigue used in the molecular beam exporinant was thae
following: The souvce charber was first hesied to the desired
temperature, and the orifice to =z Cemporature 50°C Ligher.
Concurrently, the tip was heated to 250°C to keop Lt as froc of
contamination as possible. The integral liquid nitrogen dewar
vwas thon filled to effect collimation., ‘Thisg produced a molecular
beam of constant intensity impilaging threugh the two civeniar
collimating slits onto the re~catrant tip. %he tamporature of the
tip was reduced glowly until nuéleation was observed; again this
tomperature defined Pe. The temperature was then increased slowly
to obtain Teyap, which in this case did not equal the source
tomperature. 2As bafsore, Tevap defined 2, To repeat the wroecedura,
it was necessary to closze a ground glasa slider valve waich scaled
the selenium part of the vacuuw syatem from the upper trap and
pumping system. The high vacuum side of the aystem was then bakod
at 450°C, which trancferred the sclenium into the ssurce chaxbern

below the table' 8ix such rums were parformed, ranging fzowm

120°C to 160°C in Tyy,y.
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The quantitative reselis obtained are shown in Plogure 4,
a plot of Ina,.. Versus 1/%,... EBEarlier rceulte showm for cowme-
parison were obtained by Hudzont:? for zinc and cadmiug nueleated
on Pyrex glass using the frees vapor technigue. The theowvsticoliy

expacted temperature dependence of a ig {indicatad by thes dotied

crit
line for the case of tha selenium fres vapor exporiment. This
line was normalized to the data at the highest temperzture paini

taken, Direct calculation of the value of Ll exoected frem

erit
nucleation theory without normalization gives values greater than
those observed by a factor of 10°-10%, The normalized thecrotical
curves for the other data would show similar departures.

As far as nucleus morphology is concerned, the phase
nucleated in the free vapor case was the liguid, even though the
nucleation temperatures observed cover a range extending Lo 90°C
below the equilibrium melting point, In the molecular heam case,
the phase nuclcated was invaricbly rad solid, thc equilibriam
phase in the temperature rarge of siperiment, Note, ton, that
aven in the region in which the chierved nucleation temperatures
and supersaturations ovarlap for the twd technigues, this differsnce
in the phase nucleated persists.

It was alaso observed in the moleculsy beam cage that the

msasurad nucleatiosn and evaporation bemporaturaes wore doncndont



upon the processing the aysisn had raceived.  Thals dependoncs

can be summarized by stating thaib as ohe syciom cveolved wosninio
bakaouts, the observed values of Tong S04 Toirnn £or a givon
LR 11 "a‘r

eZfugion cell (mource) tauperaiure rosa monotonically to rasch o
limiting value sftar many hekeouts, but thal the difference

hetween these tempsratures in auy given x»un, and zeoage
the value of Toeit C2iculated from them, changad anly alightly,

This behavior is shown in Table 1,

DISCUSSION

»

The most striking vesult of the Reaguremnis made ig cho
observed difference in the phase miclested under nominally
idantical conditions of temperature and supersaturation for Lo
free vapor and molecular heam euporimeonts. Tho only phyaical
diZferencaa in the two axperiments woere the vagor temporaturs
for a given impingement rate (much higher in the molecular
beam cags), and the level of surface conteminntion in the zysten
{higher in the frec vagor case).

The vapor temparature could affect the procesa of nucleaiion
only through imperfect thermal accommodation. That ig, if
enargy trangfer between beam and substrate were lesa than
complete, the adsorbed species would have a shorter lifotine
en the surface, and the couilivmrium adaiow popalotion would ho

correspondingly reduced, Such 2 process would iasconse She
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adaton population could lead to
Horeover, the observed critical suparssierations in the

molecular beam case were gealler tham the free vraper case. Thie
iz not unequivocal evidence of the lack of a thermal zecomodlaticon
effect, as the phase nucleated was not the same in both cases,

but it does indicate that such offects, if pregent do not didisr
greatly from cne case to the othar,

Thus it appears that the difference in sarface contamination

"ﬁ

ig the factor reaponsible #sr the chanye in nucleus morphology.
This is a reascuebla choice ca several grounds, In any aystonm,
the nucleus which will form at the lowest supovsataration is
the one of lowest *G;%. Thisz £G;¥ is detewnmined by the balauncse
of the decrease in hulk free a2nergy obtalned in forming the
nucleus and the increase in surnface free energy iLavolved in the
naw interfaceaz formed. The bulk free eneray changes are not
greatly differentd for the varions condenced pghases of selenium,
ag evidenced by the ease with which bulk liguid selenium mxy bhe
supercooled drastically without crystallizing., On the othex

hand, the difference in the Interfacial energy terms may be

6. ¥erve, R., Haturwizsenuchagieon, vel. 44, no. 2, v. 3%,

Jan, 20, {1387}
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form of selenium at the teaparat
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vhiioh exists a8 an sight-manbared wing It le possiblie Yhavw on

orientation in the adlayeyr or through mrientation of mukaritical
clusters at niceoscopic crystalline patcohes on the subkstrata.
This *templating” would aid in the formation of a crysialliae
nucleus, On the Jirty ourfacs, however, one wonld syxoect ouch
orienting influences tc be somcuwhat macked by the alsorbaie,
vesulting in the formation of a liguif nuclewus. The prosent
techniques were not sufficicently detailed to permit a choice
batueen theae two alternative explenations,

In contrast to this bohavior, the guantitative Form of the
1““cr1t varsus l/Tnuc relation ohserved does not appear to bo
greatly influenced by adaorption. The genernl form of this
relation is the same for both free vapsr.and molecular beam casces,
und moresver iz guite similar to that previouszly skserved for
aine and cadmlium on similar Pyrez susstrates. In addition, thie

s

goneral form appears to be indeperndent of the vapor temperature

7. 2) Hodgman, Charles, Bd,, Handbock of Chemistrv and Physics,

44th Bdn., Chemical Rubber peblighing Co., Clevaland, 2, 644,
(1963)

b) Intermational Critical Txbles.
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for a given flux, indizating cthal thermel accomoadation aficcis
are eithey abeeni o7 have a constand effeos un Whe suclazblon wobo

in the system studied. Thus the obsewved inc ..

P
;-.1
{

relation doss appear to be reprosentotive of the inborent kluoiiec
oteps in the nucleation process. Attenpts have bern made o £16
the data of this work to the fhagretical predictionsg of bolh
cap-nucleas and digc-nucliaug models, but withoul success. Thoe
data definitely do not £it eithor relztion, but the reagpnns for
this lack of agreement arve not sbhvious,

Pinally, we may congider the obhzsorved variation of the
rucleatien and evagporation temporntures ak a given iw 0y
flux with repeated bakeguts. The observed increase in these
temperatures indicates that for s constant actual flux to the
surface, the gffective fluy inareazed with vepoated baluouty
{and conBeguently smeller smsunis of subntiate suaxface vonltaming-—
tion) until a steady state value was roached, which wag uunalicyad
by Zfurther bskscut., This indicetea that an accomuodation bhaxvier
axists to the adsorption of selenium on gas-covared Pyrex, hilch
disappears vhen the surface is cleanzd. This is definitoly an
adsorbed lmparity affoect, rather thon a change in surface stouctursn,
since it reappearad after the syatenm had been axposed €o water
vapor and carbon dioxide, and could again b2 removaed by fuvihaw

bakeout. The dstailed machaniam of thisz affcct La udt ohvisus,



although adszorption of remidual gasom, which would ganovally
lower the serface energy oF the zubdnirate miyhe peduce the atay
tims of an adsorbed 36, malecule o a value shortor Lhan the

g

time required for its rsoriontation to a atadle adsor

LOSCLUSIOR

Xt has beon shown that impurity odserphion can play

¥

t-‘-

deminant role in both the morphology of the nucleus formes in
condensation on substrates and in the datailed kinetics of tho
adsorption process. However, this impurity adsorption does not
appear to greatly effecct the form of the Ina,»44 varsus 1/w“ﬂc
relation,

It would be highly desirabie to pinpoint the impurity
species responsible for these efizcts, and to dowonsivate
ite action unaquivocally by observing the change in nuclous
worpvhology on the addition of known and controlied amounts of
this active impurity. Such a preocedure was not possible in the
prosent work, as the systom usced was not eguipped for either

regideal gas analysis or controlled gas intvoduction. Puriha-

work along thesa lines ic pressatly in progreas.
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TABLE 1

Ho. Bakeouts evantC) T {°C)
8 143 133
12 145 max, 138 max.
9 147 lal
13 157 nau. 150.5 max.
9 150 144
13 160.5 mwax. 155 max.

Bffact of Nuwibor of bakoguts on Nucaleation
Paramaters in Molecular Beam Experimeat

T Py
16 7(10"10)
7  3(1010)

¢ 6(10"10)
.5 7(10-10)

6 7(10~10)
5.5 5{10~10)

Tgo(°C)

275

300

325
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Figure 1l Steps in Hoterogeneous Nucleation of Crystal ox
Liquid from Vapcr

figure 23 Selenium Preo~-Vapor Apparatus
Pigure 3: Selonium Molccular neam Apparatus

Pigure 43 lot of 1ma varsus jx
lour P orit wauc
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